A protein that binds to a synthetic oligonucleotlde of (CCT) 12 
INTRODUCTION
Eukaryotic genomes contain many kinds of tandem repeats of short sequences. Satellite DNAs belong to this class of repetitive sequence and are located at the centromeric regions of chromosomes (1) . The ends of chromosomes also consist of tandem repeats such as (TTAGGG) n (2) . Some simple repeats are known to have structually unique properties. The G-rich strand of telomeric repeats is capable of forming stable G:G pairs (3, 4) , and centromeric repeats comprising (GGAAT) n sequence exhibit an unusual thermal stability that may be the result of stable G:A pairs (5) . Homopurine:homopyrimidine stretches in DNA such as (AG:CT) n also have a property capable of forming altered conformations such as H-DNA (6) (7) (8) . They undergo transition to unwound, SI-nuclease hypersensitive DNA conformation (9, 10) , indicative of the adoptation of a non-B secondary DNA structure. These unusual DNA structures may represent another 'code' utilized for an important biological function (11) (12) (13) .
Homopurine:homopyrimidine sequences are interspersed in the eukaryotic genomes (14, 15) /~tnese tracts could mediate their biological function in vivo by the formation of altered DNA structures or through direct protein-DNA interaction or both. Protein-DNA interactions with (AG:CT) n and other pyrimidine-rich duplexes were demonstrated (16) (17) (18) . A protein with a single-stranded (TC) n binding property was also found (19) . Recently we have reported the purification and characterization of a protein binding to a single strand of hypervariable minisatellites (20, 21) . In the course of such experiments, we noted the presence of a protein that bound to a single-stranded (CCT) n sequence. The (AGG:CCT) repeats and similar sequences are frequently found in mammalian genomes (14) .
The present paper describes the purification of the binding protein and the characterization of the binding specifity. We also show that AGG-repeat oligonucleotides complementary to (CCT) n may have a property of forming G:G pairs.
MATERIALS AND METHODS

Oligonucleotide probes
Oligodeoxynucleotides used in this study were synthesized on an Applied Biosystems 380B synthesizer. (CCT) ]2 , (CTT)i 2 , (CCCT) 8 , (CT) 16 , (CCTGCCT) 6 , (CCTCCCT) 6 , (AGG), 2 , (AAG) 12 , (AGGCAGG) 6 , and (AGGGAGG) 6 were used for binding and mobility shift assays. Two size markers of 40 bp and 20 bp were TCATGCGTCCATGGTCCGGACATTCTG-AGTCACCCCTGGT and ATGGACACCTGACACTGCAA, respectively. Two sets of complementary oligonucleotides of GAT(CCT), 2 C and CTA(GGA) 12 G, and GAT(CTT) 12 and CTA(GAA)i2, respectively, were annealed, and the resulting
• To whom correspondence should be addressed double-stranded DNAs were ligated to the pUCl 18 vector that were cleaved with BamYH and Xbal. The recombinants were cloned in E.coli DH-5a host cells (22) . Each plasmid DNA was prepared by a standard method and the sequence was determined by the dideoxy chain termination method (23) .
For labeling probes, oligonucleotides were incubated in a buffer containing 50 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , 5 mM dithiothreitol, 0.1 mM spermidine, 0.1 mM EDTA with T4 polynucleotide kinase (4 units; Takara), and [7- 32 P]ATP (16 pmol at >5000Ci/mmol; DuPont-New England Nuclear) (22) . Specific activities ranged from 2 to 5 x 10 5 cpm/^g. 2 x 10 5 cpm of probe was used in 4 ml of binding buffer for Southwestern analysis.
Detection of the BAA modified site
The bromoacetaldehyde (BAA) was prepared as described by Kohwi-Shigematsu and Kohwi (7) . Five jig of supercoiled DNA was incubated with 10 or 100 mM BAA in 100 /*1 of 50 mM sodium acetate, pH 5.1, and 2 mM ZnCl 2 for 1 h at 37°C. The DNA was precipitated twice with ethanol and digested with HindUI. The linearized DNA was radioactively labeled with Klenow enzyme (4 units; Takara) and [a- 32 P]dCTP (300Ci/mmol; Dupont-New England Nuclear), and 200 ng aliquots were digested with 0, 3, 10 units/fig of SI nuclease at 37°C for 30 min. The cleavage products were analyzed on 12% native polyacrylamide gels.
Nondenaturing gel electrophoresis
Native gel electrophoresis was performed in 12% polyacrylamide gels (29:1 ratio of acrylamide to bisacrylamide) using 0.5 XTBE buffer (0.45 M Tris-borate, pH 8.3, 1 mM EDTA), as described by Williamson et al. (4) . The gels were run at 2V/cm at 5°C in an electrophoresis apparatus with a cooling system. DNA samples were in 5 /il of TE (10 mM Tris-HCl, pH 7.6, and 0.1 mM EDTA) or TE plus salt at the same concentration as in the gel, and were heated to 95°C for 2 min prior to electrophoresis, cooled to room temperature, and mixed with 1 III of 30% (v/v) glycerol containing marker dyes. Samples were loaded onto the gel and equilibrated for further 2 min at the gel temperature. All native gels were run until the bromophenol blue marker migrated 10 cm.
Preparation of nuclear extract and purification of p70
Nuclear extracts were prepared from 1.5 X10 9 FM3A cells (derived from a 1.5-liter culture) and mouse testis (6.5 g tissues) according to the method of Dignam et al. (9) . Extracts were dialyzed against a buffer containing 20 mM Hepes, pH 7.9, 100 mM KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, and 20% (v/v) glycerol at 4°C for 4 h. The volume and protein concentration of each extract were 4 ml and 6.4 mg/ml, and 15 ml and 3.0 mg/ml, respectively.
Nuclear extract (8.5 mg of protein/ml, 30 ml) of Ehrlich ascites tumor cells was prepared from 20 ml of packed cells. An aliquot (15 ml) was loaded on a 12-ml bed volume column of (CCTGCCT) 6 This procedure was repeated. The final pooled fractions (32 ml) were concentrated 16-fold by Centricon centrifugation (Amicon, Inc) and diluted 4-fold with the buffer. An aliquot (2.5 ml) was loaded onto a 3-ml (CCT) 12 affinity column equilibrated with the buffer containing 0.2 M KCl. The column was washed with 5 volumes of the buffer and stepwise eluted with 0.6, 1.0 and 2.0 M KCl in the buffer. Active fractions (1.0-2.0 M) were pooled and concentrated 50-fold by Centricon centrifugation. Finally, 0.6 ml of 2.0 M fraction (0.2 mg/ml) was obtained. These two columns were made by conjugation of oligonucleotides of (CCTGCCT) 6 and (CTT) 12 , respectively, to cyanogen bromideactivated Sepharose CL-4B as previously described (24) . Protein concentration was determined with BCA protein assay reagent (Pierce) using bovine serum albumin as standard (25) .
Southwestern blot analysis
The fraction containing p70 was mixed in 1:1 (v/v) with a sample buffer containing 4% SDS, 10% 2-mercaptoethanol, 14% (v/v) glycerol, 0.1% bromophenol blue. SDS-PAGE using a 12% polyacrylamide gel was carried out at room temperature (26) . Proteins were electrophoretically transferred onto membrane-P (Atto, Japan) in 0.1 M Trizma base, 0.192 M glycine, and 5% methanol for 1 h. The filters were dipped in 100-200 ml of 5% (w/v) nonfat dry milk in 10 mM Hepes, pH 7.9, and incubated for 1 h at 25 °C. They were then incubated in a binding buffer of Hepes, pH 7.9, 50 mM NaCl, 10 mM MgCl 2 , 0.1 mM EDTA, 1 mM dithiothreitol, 0.25% nonfat dry milk for 1 h at 30°C. In some experiments the buffer containing carrier oligonucleotides was used. 32 P-labeled probes were added into the binding buffer, and complexes were allowed to form for 2 h at 30°C (27) . Filters were washed three times in the binding buffer containing 0.2 KCl at 25°C for 1 h and autoradiographed at -80 c C for 18 h using an intensifying screen.
RESULTS
(AGG:CCT) repeats exhibits a single-strand comformation DNA comprising the (AGG:CCT) n duplex is supposed to take an altered DNA conformation that is sensitive to SI-nuclease, because the duplex shows a strong homopurine:homopyrimidine strand bias (7, 10) . Treatment of supercoiled plasmids with the single-strand-specific reagent, BAA, can stabilize some temporary single-stranded regions of DNA (7) . Using this reagent, we tested whether this duplex contains a single-stranded region or not. The supercoiled plasmids containing the duplex of (AGG:CCT)i2 and (AAG:CTT) 12 were treated with BAA and digested with HindUl at the end of cloning linker site. After endlabeling at the 3'-end, they were cleaved with SI-nuclease and analysed by polyacrylamide gel electrophoresis (Fig. 1) . The plasmid containing (AGG:CCT) l2 revealed a prominent band in the vicinity of 45 bp, indicating that the cleavage occurred in the middle of repeat units. In contrast, either the plasmid with (AAG:CTT)i2 repeats or the control pUCl 18 did not give extra bands. This indicates that the duplex consisting of (AGG:CCT) 12 is sensitive to SI-nuclease, but not that of (AAG:CTT)| 2 , implying that the (AGG:CCT) n repeat sequence participates in a transient single-strand conformation.
AGG repeats form intra-and inter-molecular conformers
The SI-nuclease sensitive structure of the (AGG:CCT) n duplex predicts the generation of two single-stranded loops. The strand comprising the G-rich sequence may form intrastrand conformational changes or intermolecular complexes (3, 4, 28, 29) . This idea is based on the following observations. Polyguanosine and polyinosine are known to form four-stranded helices, and G-rich regions of immunoglobulin switch regions have been found to form parallel four-stranded structures (29) . Recently telomeric sequences composed of G-rich sequences have been investigated and they also involve hydrogen bonding similar to that observed for four-straneded poly(I) and poly(G) (4, 28) . It is hence possible that interaction of G:G pairs occurs in the AGG-repeat molecules.
In order to test this possibility, synthetic oligonucleotides of (AGG) 12 , (AAG), 2 , (AGGCAGG) 6 and (AGGGAGG) 6 were examined for their mobility by native gel electrophoresis under the same conditions as for telomeric oligonucleotides (4, 28) . The oligonucleotides were completely denatured by heating to 95 °C for 2 min, cooled to room temperature, and loaded onto 12% nondenaturing polyacrylamide gels. Electrophoresis was carried out under the conditions of 19 C C and 5°C, and without and with 50 mM NaCl. Fig.2 shows representative results. Two oligonucleotides of (AAG) 12 and (AGGCAGG) 6 showed very minor variations in electrophoretic mobility among such different conditions (panels A, B, C and D). However, the mobility of the other (AGG) 12 and (AGGGAGG) 6 repeats was dramatically changed in the presence of 50 mM NaCl (panel C). Their bands migrated faster than the respective bands without NaCl (panel B). The mobility shift observed is similar to that of telomeric sequences (4).
We next examined the effect of DNA concentration on the formation of the faster migrating species of (AGG) 12 and (AGGGAGG) 6 . Each sample was resolved in a concentration of 2 /iM (1000-fold concentrated relative to the former dose) and analysed in a similar manner. As shown in Fig.2D , a band migrating slower was observed in both repeats. Note that die mobility of (AAG), 2 and (AGGCAGG) 6 was not changed. This indicates that the formation of faster and slower migrating conformers is a concentration-dependent property; the faster mobility observed is probably due to an intra-strand conformational change and die slower due to inter-molecular complexes.
A 70-kDa protein binding to a single-stranded DNA of (CCT) 12 repeat sequence Nuclear extracts of FM3A cells and mouse testis were examined for protein binding by Southwestern analysis. We used synthetic oligonucleotides of (CCT) 12 and (AGG) )2 , and their duplexes as probes, but only the (CCT) 12 probe exhibited a specific binding (details described in the next section). A number of nuclear proteins showed binding activity to (CCT), 2 in the absence of competitors (Fig.3, the left panel) . Addition of a synthetic oligonucleotide (400-fold) containing (CCTGCCT) 6 considerably reduced the background of non-specific DNAbinding proteins, to reveal a single major protein of 70 kDa (p70) in bodi extracts (die middle panel). The binding to p70 was competed with 400x fold homo-oligonucleotide (the right). . Strand-and sequence-specific binding of p70 to (CCT) 12 . The fraction containing p70 was purified as described under Materials and Methods, and subjected to Southwestern analysis. A. (CCT)| 2 and (AGG) 12 were 5'-terminally labeled and used for binding. The labeled (AGG) I2 was annealed with (CCT), 2 and then subjected to binding. B. Prior to binding, filters were preincubated with 80 ng of (CCT) 12 , (Crr) 12 , (CT), 6 , (CCCDg, (CCTGCCT) 6 and (CCTCCCT) 6 in a buffer for 1 h, and then a labeled (CCT)| 2 oligonucleotide was added and allowed to incubate for 2 h. Subsequent procedures were carried out as described under Materials and Methods. Although the binding to proteins with lower molecular weights still remained, addition of 1600x fold oligonucleotide reduced considerably (data not shown). These results suggest that p70 has a property of specifically binding to the C-rich single-stranded DNA of (AGG:CCT) n repeats. The binding protein was purified from crude nuclear extracts of Ehrlich ascites tumor cells. p70 was eluted in 0.4M KC1, 1 .OM KC1 and 2.0M KC1 fractions by chromatography on a singlestrand DNA column, on a (CCTGCCT) 6 affinity column and on a (CCT) 12 affinity column, respectively. This is consistent with that p70 has higher affinity to the (CCT)| 2 sequence than to the (CCTGCCT)6 sequence, as assayed with Southwestern analysis. Then, extracts were sujected to chromatography on the latter two columns successively. Fractionated extracts were separated on a SDS-polyacrylamide gel, and stained to estimate the degree of purification (Fig.4A) . A protein with a molecular mass of 70 kDa is seen mainly in the 2.0 M KC1 fraction. In order to know the purity, the fraction was 10-fold concentrated and analysed in the same manner as described above. Proteins, other than p70, are hardly seen (Fig.4B) . This indicates that p70 was purified nearly to homogeneity. The fraction was again separated on a gel and sujected to Southwestern analysis.
P-labeled (CCT) i2
bound to the protein (Fig.4C) .
DNA binding specificity
The p70 was used for further characterization. (CCT)i 2 sequence and the complementary (AGG)i2 sequence were 5'-terminally labeled and used as probes for binding assays. The (CCT) 12 oligonucleotide formed a DNA-protein complex specifically with p70, but (AGG)| 2 and the double stranded DNA formed between the two oligonucleotides failed to bind to p70 (Fig.5A) . To know the sequence specificity of the binding, a competition experiment was carried out using (CCT)| 2 , (CTT), 2 , (CT) 16 , (CCCT) 8l (CCTGCCT) 6 and (CCTCCCT) 6 . The binding was completely inhibited by preincubation with 400-fold unlabeled homologous fragment, (CCCT) g and (CCTCCCT) 6 , but not by the other sequences (Fig.5B) . These results strongly suggest that the complex formation of p70 and the (CCT) 12 repeats depends on sequence but does not require the exact sequence.
DISCUSSION
We have found a novel single-stranded DNA binding protein with the molecular mass of 70 kDa in extracts of cultured FM3A, Ehrlich ascites tumor cells and mouse testis. The protein, designated as p70, specifically binds to CCT-repeat oligonucleotides. Using a (CCT) 12 -affinity column, p70 has been purified nearly to homogeneity. The intensity of staining on a polyacrylamide gel provides an estimate that the p70 proteins constitute on the order of 0.1 % of nuclear protein. The sequence specificity of p70 binding is inferred from competition experiments. The complexes between p70 and the CCT repeats remain stable in the presence of 320Ox fold excess of E. coli single-stranded DNA (data not shown) and also in the presence of similar sequences of (CTT) 12 , (CT), 6 and (CCTGCCT) 6 However, the sequence specificity of p70 is not so strict, because (CCCT)g repeats also show competition for the binding. Interestingly, (CCTGCCT) 6 having an one-guanosine insertion in the CCTCCT repeat unit does not strongly compete the binding, indicating that the presence of two contiguous CCT repeats in the oligonucleotide is not sufficient for the stable binding. This may also suggest that the polypyrimidine stretch without interruption by purine residues may be of prime importance for the recognition. In any event, whether the DNA sequence itself or the potentially unusual DNA structure is being recognized in these interactions is yet to be determined.
We also observe a structurally unique property of the (AGG:CCT) n duplex. A compact form and an intermolecular complex of the (AGG)i 2 molecules were detected in native gels containing 50 mM Na + , but not in those without added salt. On the other hand, similar molecules of (AAG)i 2 with one-base substitution(G to A) did not exhibit such interaction. These results suggest that interaction occurs intra-and inter-molecularly between the GGA repeats probably due to the formation of G:G Hoogsteen pairs (3, 4, 28, 29) .
Effect of monovalent cations on the structure of G-rich oligonucleotides, especially on telomere sequences, has been intensively investigated (4) . It is known that the mobility shift of telomere oligonucleotides is conferred by Na + and K + but not by Li + . This unusual dependence on specific monovalent cations, together with cross-linking experiments, leads to a Gquartet model for telomeres (4) . This structure is thought to be related to telomere functions such as the protection of chromosome ends and the attachment to nuclear envelope.
AGi_ 8 repeats are found in the ends of ribosomal DNA of Dictyostelium and are known to function as telomere (30) . This implies that the AGi_ 8 telomeric repeats form a G-quartet structure. Together with the altered electrophoretic mobility described above, this suggests that the AGG repeats may also form an unusual structure similar to the G-quartet. However, the mobility of (AGG)|2 measured in the presence of Li + is similar to that in the presence of Na + (data not shown). The result is different from that of telomeric TTAGGG repeats (4) . Detailed structures of the AGG repeats are therefore unclear at present. p70 binds specifically to only one strand of the (AGG:CCT)| 2 duplex and exhibits no affinity for the double-stranded form of the duplex. Specific complexes must therefore be able to form only after generation of single-stranded CCT-repeat regions. A localized unwinding of (AGG:CCT) repeats is inferred by Sl-nuclease sensitivity of the duplex consisting of (AGG:CCT) repeats (Fig. 1) . Thus, it is reasonable to speculate that two singlestranded loops formed in the (AGG:CCT) n duplex are made structurely unequivalent by differential binding of p70. It has been documented that (AGG:CCT) n has the ability to form H-DNA or a triplex conformation (10) . The binding of p70 to (CCT) n , therefore, would exert an effect on the stabilization of the CCTrepeat strand and help the complementary purine strand to act as the donor strand in triplex formation (7, 11) . Alternatively, it is also likely that the binding of p70 would facilitate the formation of G:G pairs between two AGG-repeat loops of two DNA helices.
G:G pairing between AGG-repeat sequences may play a role in processes such as meiosis, as a similar idea was already suggested (29) . The synapsis between homologues is sometimes observed to begin at telomeres, but in other instances it is initiated at intra-chromosomal loci. Dimerization of two (AGG:CCT) n duplexes in chromosomes might initiaite this association. Such G:G pairing may be also involved in recombination. At present the precise role of these sequences is unclear, but the presence of a binding protein specific to the CCT repeats is suggestive of biological activities of the (AGG:CCT) repeats and related sequences.
